This study addresses the flow structure and unsteady loading arising over a pitching low-aspectratio rectangular wing under low-Reynolds-number conditions of interest in small unmanned aerial vehicle operation and gust interactions. Simulations are performed employing a high-fidelity computational approach capable of accurately capturing the complex unsteady transitional flows. The wing is pitched about its quarter-chord axis to a maximum incidence of 45 • over time intervals ranging from four to sixteen convective time scales. The Reynolds number based on the wing chord varied from 10 3 to 4 × 10 4 . For the highest pitch rate, good agreement between the computed three-dimensional flow structure and recent experimental measurements is demonstrated.
I. INTRODUCTION
The process of unsteady separation and stall generated by large transient excursions in angle of attack, referred to in general as dynamic stall, represents a long-standing issue in maneuvering aircraft and rotorcraft applications [1] [2] [3] . In recent years, interest in dynamic stall at moderate Reynolds numbers has re-emerged driven by its importance to small unmanned air vehicle system operations [4] .
Dynamic stall has been studied extensively [5] [6] [7] [8] [9] [10] [11] [12] for effectively two-dimensional wing geometries represented by means of spanwise-periodic computations or wall-to-wall experimental configurations. These studies have provided a great deal of insight into the formation and transition of these dynamic stall vortices and on the highly unsteady loads elicited by their convection along the aerodynamic surface. In small-unmanned vehicle applications, wings may have a short span and therefore the induced three-dimensional nature of the unsteady separation process requires further elucidation. Although the literature on unsteady separation over three-dimensional configurations is not as numerous as its two-dimensional counterpart, several studies have provided valuable information on various aspects of the problem.
The non-linear lift characteristics for stationary low-aspect-ratio planforms at low Reynolds numbers have been measured by Torres and Mueller [13] . Wind-tunnel smoke visualizations showing the structure of the combined leading-edge and tip vortex system over finite-aspect-ratio wings undergoing different transient maneuvers have been presented by Freymuth et al. [14] [15] [16] . Experimental investigations addressing the near-wake structure of oscillating low-aspect-ratio wings have been conducted by Von Ellenrieder et al. [17] and Buchholz and Smits [18] . Yilmaz and Rockwell [19] provided flow visualizations and PIV measurements above a plunging low-aspect-ratio rectangular wing under low-Reynolds-number conditions. Their investigation illustrated the existence of pronounced axial flows within the core of the developing leading-edge vortex (LEV) followed by the formation of large-scale patterns of streamwise-oriented vorticity near the wing centerline.
Calderon et al. [20] studied the effect of small-amplitude plunging oscillations for low-aspect-ratio wings at post-stall angles of attack, and determined optimal planform-dependent forcing frequencies for maximum lift production. Yilmaz and Rockwell [21] examined by means of volumetric particle image velocimetry techniques, the flow structure generated over rectangular and elliptical wing planforms subjected to a rapid pitch-up maneuver. They found that despite differences in the initial separation process, both geometries exhibit a similar final flow state charaterized by the presence of a large-scale swirl pattern on the wing. Calderon et al. [22] provided volumetric three-component velocimetry measurements for low-aspect-ratio rectangular and elliptical wings subjected to small amplitude plunging oscillations. The effects of forcing frequency and aspect ratio on the 3D flow structure was described including the unusual formation of a tip vortex ring.
Hartloper et al. [23] performed experiments for nominally two-dimensional and aspect-ratio-four rectangular wings undergoing both slow and fast pitch-up motions. The interaction between the leading-edge and tip vortices as well as their formation time scales were examined.
A few related computational studies of maneuvering finite wings are also worth noting. Taira and Colonius [24] presented a detailed computational study of impulsively translating low-aspect-ratio wings at high incidence and for Reynolds numbers of 300 and 500. They also investigated the effect of simulated actuation in the post-stall regime [25] . Visbal [26] performed high-fidelity computations for a heaving low-aspect-ratio wing and Reynolds numbers in the range 10 3 ≤ Re c ≤ 2 × 10 4 .
The results were found to be in good agreement with flow visualizations and PIV measurements [19, 27] . In Ref. 26 , a model of three-dimensional dynamic stall for a low-aspect-ratio plunging wing was proposed which is characterized by the evolution of the leading-edge vortex into an arch vortex with legs normal to the wing surface. In accordance with Helmholtz law, this vortex is eventually shed as a ring-like structure following reconnection on the symmetry plane. However, it is not clear how universal this dynamic stall process and flow morphology are when considering various types of maneuvers, Reynolds numbers and aspect ratio. This motivates the present study in which pitching maneuvers are examined.
High-fidelity simulations are employed to examine the unsteady flow structure and loading arising over a rectangular wing of aspect ratio two (Fig. 1a) subjected to high-amplitude transient pitching maneuvers. Although a high-frequency plunging was considered previously [26, 27] , the present cases are more representative of the maneuvers and gust interactions encountered by a non-flapping small fixed-wing vehicle. The simulations also complement experimental studies by simultaneously providing the spatially-resolved instantaneous flow structure along with surface loading. Furthermore, this work examines the universality of arch-vortex formation for a broader range of pitch rates and Reynolds number.
The finite wing is pitched about its quarter-chord axis to a maximum incidence of 45 • with nominal non-dimensional angular rates 0.05
The Reynolds number based on the wing chord is varied from 10 3 to 4 × 10 4 . The flow fields are computed employing an extensively validated high-fidelity large-eddy simulation approach [28, 29] . Effects of grid resolution and comparison with available experiments [21] are presented for the highest pitch rate considered.
In addition, the dynamic stall processes for a two dimensional (i.e., infinite aspect ratio) and the finite wing are contrasted.
FIG. 1. Pitching wing configuration (a) and overset grid system (b)
II. METHODOLOGY
A. Governing Equations and Numerical Approach
For these maneuvering wing simulations, the governing equations solved are the unfiltered full compressible Navier-Stokes equations cast in strong conservative form after introducing a general time-dependent curvilinear coordinate transformation from physical to computational space [30] [31] [32] . These equations are augmented using the perfect gas relationship, a constant Prandtl number, Sutherland's viscosity law and Stokes' hypothesis for the bulk viscosity coefficient. It should be noted that the governing equations correspond to the original unfiltered Navier-Stokes equations and are used without change in laminar, transitional and turbulent regions of the flow. Unlike the standard LES approach, no additional sub-grid stress (SGS) and heat flux terms are appended.
Instead, a high-order low-pass filter operator (described later) is applied to the conserved dependent variables during the solution of the standard Navier-Stokes equations. This highly-discriminating filter selectively damps only the evolving poorly resolved high-frequency content of the solution [28, 29] . This filtering regularization procedure provides an effective alternative to the use of standard sub-grid-scale (SGS) models, and has been validated extensively for several canonical turbulent flows. A re-interpretation of this implicit LES (ILES) approach in the context of an Approximate Deconvolution Model [33] has been presented by Mathew et al [34] . As the grid resolution increases and/or Reynolds number decreases, this ILES approaches a direct numerical simulation.
All simulations are performed with the extensively validated high-order Navier-Stokes solver FDL3DI [35, 36] . A finite-difference approach is employed to discretize the governing equations, and all spatial derivatives are obtained with high-order compact-differencing schemes [37] . In this investigation, a sixth-order scheme is used at interior points, whereas at boundary points higherorder one-sided formulas are invoked which retain the tridiagonal form of the scheme [35, 36] .
Typically, Neumann boundary conditions are implemented with third-order one-sided expressions.
For the case of a maneuvering wing, the grid is moved in a rigid fashion using the prescribed airfoil motion. To ensure that the Geometric Conservation Law (GCL) is satisfied, the time metric terms are evaluated employing the procedure described in detail in Ref. 38 .
In order to eliminate spurious components, a high-order low-pass spatial filtering technique [35, 39] is incorporated. This filtering approach is based on templates proposed in Refs. 37 and 40 and with proper choice of coefficients provides up to 10th-order accuracy. Filter operators, along with representative filter transfer functions, can be found in Refs. 36 and 41. The filter is applied to the conserved variables along each transformed coordinate direction. In the present simulations, an interior 8th-order filter with α f = 0.4 is prescribed. At near-boundary points, the filtering strategies described in Refs. 35 and 41 are used. For moderate Reynolds number transitional flows, the previous high-fidelity spatial algorithmic components provide a seamless DNS/implicit LES approach [28, 29] in lieu of traditional SGS models. Finally, time-marching is accomplished by incorporating an iterative, implicit approximately-factored procedure [28, 29] .
B. Details of Computations
Computations were carried out for the low-aspect-ratio plate wing geometry shown in Fig. 1a and considered in the experiments of Yilmaz and Rockwell [21] . The wing has an aspect ratio 2S/c = 2, a uniform thickness b/c = 0.016 and all edges are squared-off. Computations were performed on a stretched Cartesian mesh system consisting of five overlapped zones (Fig. 1b) .
The baseline grid (denoted as Grid 3) contained approximately 30.1 million points on the halfspan configuration and had overall dimensions of 440 × 469 × 146 in the streamwise, normal and spanwise directions, respectively. The wing surface was discretized employing 245 and 100 points along the chord and half span respectively. Clustering was provided near the plate in order to capture the near-field complex vortical structure generated by the pitching motion. The minimum normal spacing at the surface was ∆y/c = 1 × 10 −4 .
Simulations were performed using the parallel high-order FDL3DI Navier-Stokes solver [42, 43] .
The baseline mesh was decomposed into a set of 256 overlapped sub-domains or blocks which were assigned to individual processors. A five-point inter-block overlap was employed in order to retain high-order numerical accuracy. Due to the simple topological structure of the mesh, all overlapping planes were coincident and high-order interpolation was not required.
The boundary conditions were prescribed as follows. Along the entire wing surface, a no-slip adiabatic condition was employed in conjunction with a zero normal pressure gradient. The surface velocity components (u s , v s , w s ) were determined from the imposed pitching motion described below. In order to improve spatial resolution with available computational resources, the flow was assumed to be symmetric about the wing centerline. This simplification was considered based on examination of the experiments of Yilmaz and Rockwell [21] which displayed a fairly symmetric overall flow structure during the transient time scales of interest. On the far field boundaries, located approximately 100 chords away from the wing, freestream conditions were specified. It should be noted that prior to reaching this boundary, the grid is stretched rapidly. This stretching in conjunction with the low-pass spatial filter provides a buffer-type treatment shown previously [44] to be quite effective in reducing spurious reflections.
Pitching simulations were started from the corresponding computed static solutions at zerodegree angle of attack. The wing is pitched about its quarter-chord axis (Fig. 1a) from zero incidence to a maximum angle of attack α max = 45 • and then held fixed. In order to avoid discontinuities in angular acceleration, the angle of attack is prescribed employing a modified version of the ramping function of Eldredge et al [45] . The angle of attack, α, is given by
In this equation, a = 11 and t 1 = 0.5 control the smoothing of the angular acceleration and
is the nominal non-dimensional pitch rate, and t 1 and t 2 define the nominal pitching normalized time interval. For future reference, the time elapsed after the nominal start of the pitch up maneuver is defined as t * = t − t (Fig.3c) is also found to be negligible. In addition, the instantaneous spanwise distributions of the sectional lift coefficient, displayed in Fig. 3d for two angles of attack during pitch-up, did not exhibit significant changes.
III. RESULTS

A. Stationary Wing
In order to provide a reference for comparison and to highlight the effects induced by the pitching maneuvers, the flow structure over the stationary wing is briefly considered. 
B. Flow Structure for
The three-dimensional instantaneous flow structure for the highest pitch rate (Ω + o = 0.2) is shown in Fig. 6 at selected points during the maneuver employing an iso-surface of constant total pressure. The corresponding pressure on the wing semispan, as well as contours of vorticity magnitude on the midplane plane are shown in Fig. 7 . Following the onset of the pitching motion, one can observe at α = 8 • a nascent leading-edge vortex which is pinned at the wing front corners and which appears initially to be fairly uniform across a significant portion of the span (Fig. 6a) .
However, examination of the surface pressure (Fig. 7a) indicates that three-dimensional effects are present, with higher levels of suction found near the wing midplane, consistent with the finite span of the wing. The emergence of three-dimensionality is more apparent in the transverse crosssection of the vortex depicted in Fig. 8a This axial vortex flow is common to the structure found in previous experimental and computational studies for a heaving wing [19, 27] , as well as in the wake of oscillating airfoils [48] and wall jets [49] .
By the time the wing has reached α = 15 o , the flow field exhibits pronounced three dimensional effects in the leading-edge vortex. The straight portion of the LEV parallel to the wing front edge is reduced in spanwise extent (Fig. 6b) as the corner separated region propagates toward the centerline (Fig. 7b) . The axial flow within the vortex core has penetrated close to the wing symmetry plane (Fig. 8b ) and the maximum crossflow magnitude is of the order of the freestream velocity (w max ≈ 0.9U ∞ ). Examination of the vortical structure on the symmetry plane (Fig. 7b) indicates that the LEV is initially laminar and similar in appearance to that found in 2D dynamic stall [8, 10] . The process of vortex compression associated with the reduction of velocity as the axial current approaches the wing centerplane results in the ring-like structure of the LEV denoted as "1" in Fig. 7c . Nonetheless, at this stage, the LEV still appears to be laminar. It is also of interest to note that by α = 20 • the strongest suction on the surface begins to shift from the wing center to underneath the corner shear layer (Fig. 7b) . The tip vortex (to be discussed in more By α = 25 o , the emergence of fine-scale structures is apparent due to the onset of transitional effects (Fig. 6d) . This process appears to be enhanced by the strong axial currents within the vortex core which have reached the wing centerplane. At this stage, the LEV structure on the symmetry plane (Fig. 7d) is less coherent and no longer laminar. With further increase in incidence, the leading-edge vortex system evolves into a Λ shape (Figs. 6e,f) as the vortex lifts away from the plate near the symmetry plane while remaining pinned at the wing front corners. The wing surface pressure displays a region of strong suction underneath the separated region (Fig. 7d-f ) with the lowest values near the corner where the vortex is in close proximity to the wing.
Eventually the LEV detaches from the edges forming an arch-type vortex with legs normal to the wing surface (Figs. 6g-i) . This structure is similar to that found computationally by Visbal [26] for a heaving wing and confirmed by experimental observations [27] . However, in the present case the arch vortex is less compact and its legs are located further outboard.
Under the legs of the arch vortex a concentric region of low pressure emerges on the wing surface and a large-scale swirling pattern is established (Fig. 7i) 
Comparison with Experiment
As noted earlier, the highest pitch rate (Ω + o = 0.2) was selected to allow comparison with recent experiments by Yilmaz and Rockwell [21] . The experimental and computed flow structures are compared in Fig. 9 at two points during the pitching maneuver corresponding to angles of attack prior to and following the formation of the arch vortex. The experimental frames (Figs. 9a,e) show an iso-surface of the Q-criterion [50] In order to provide a more direct comparison between experiment and computation, the computed flow field was post-processed using the PIV-like reduction procedure described in Garmann et al. [51] . In this approach, the solution is filtered down to the spatial resolution used in the experimental measurements, which includes the size of the PIV interrogation window, as well as the distance between sampling planes for the volume reconstruction [21] . The Q iso-surfaces derived (Fig. 10e-g ), the surface pressure ( Fig. 11e-g ) evolves into a more coherent concentric distribution with progressively lower values of minimum pressure. This process is due to the establishment of a circulatory pattern on the wing surface associated with the normal vorticity of the legs of the arch vortex. The approximate center of this low-pressure region propagates upstream and gets close to the wing leading edge at the instant shown in Fig. 11h before subsequently moving downstream (Fig. 11i) . This upstream movement of the arch-vortex against the prevailing flow is again consistent with the self-induced velocity of the vortex/image system described earlier in reference to 
Tip Vortex Evolution
Another important flow element studied in both experiments [20, 21, 23] and computations [24, 27] of maneuvering finite wings is the tip vortex. For a rectangular planform with a sharp corner, the leading-edge and tip vortices emerge as distinct structures, as shown in the inset of Fig. 10b . The vorticity in the leading-edge separated region is oriented predominantly in the spanwise direction whereas the tip vortex is directed in the streamwise direction. As such, the dynamics of the tip vortex should exhibit some similarities with vortex development on maneuvering highly-swept delta wings.
The overall evolution of the tip vortex can be observed for all pitch rates in the corresponding iso-surface plots of Figs. 6, 10 and 12. At low angles of attack, while the tip vortex is still close to the wing, its signature on the surface pressure is also discernible (e.g., Figs. 11b-d (Fig. 12c) . This breakdown is characterized by a bubble-type bursting with a spiral tail which winds in a sense opposite to the prevailing tip vortex swirl. This structure is similar to that observed during the onset of vortex breakdown above a pitching delta wing [52, 53] . At the highest pitch rate, vortex breakdown emerges at α = 30 • (Fig. 6e) . Its shape is more conical in nature and exhibits the features of a spiral-type breakdown. Examination of flow animations indicated that although the onset of bursting occurs at higher α for increasing Ω + o , once established, it propagates upstream with a speed which increases with pitch rate. The features seen here for the tip vortex breakdown as a function of Ω + o namely, the onset angle, the type of breakdown and its propagation speed are qualitatively consistent with observations over pitching delta wings [54, 55] .
The cross-sectional structure of the tip vortex in the transverse plane at mid-chord (x/c = 0.5) is examined in more detail for all pitch rates. Figure 14 shows the flow over the outboard portion of the wing using contours of vorticity magnitude at α = 8 • . For Ω + o = 0.2, the tip vortex is observed to be more compact and closer to the wing relative to the static and lower pitch-rate cases. This effect is consistent with the behavior observed on a delta wing following a sudden change in incidence. As shown in the experiments of Lambourne et al. [56] , a time interval of the order of one convective time is required for the delta wing vortex to adjust to its new condition.
At α = 8 • , the time elapsed for the highest pitch rate is only t * = 0.7 which is not quite sufficient for the tip vortex to develop. In contrast, for Ω + o = 0.05, 0.1, t * = 1.4, 2.8, which allows for the tip vortex to approach the static case, assuming the pitch-rate independence described next.
Following its initial formation and prior to the onset of breakdown, the effect of pitch rate on the tip vortex structure at a given angle is not pronounced. For instance, at α = 15 • (Fig. 15) The aforementioned independence of the tip vortex from pitch rate at a given incidence is however lost once vortex breakdown emerges over the wing. For instance, by α = 20 • (Fig. 16 ), significant differences are apparent as a function of pitch rate. For Ω + o = 0.05, vortex breakdown has considerably changed the structure of the tip vortex core which at this stage exhibits a significant region of reversed axial flow (Fig. 16d) . For the intermediate pitch rate, incipient vortex breakdown is observed whereas at the highest Ω + o breakdown is still absent at this angle of attack.
Aerodynamic Loading
The effect of pitch rate on the wing aerodynamic loading is considered next. The aerodynamic coefficient histories are presented in The overall history of the lift coefficient (Fig. 17a) indicates that both the maximum value of 6 o ) respectively. Even for the smallest pitch rate, there is a significant increase in maximum lift which is almost twice the maximum static value (Fig. 17a) . The moment coefficient histories (Fig. 17c) show that after a fairly flat initial distribution a rapid drop in C M ensues at an angle which increases with Ω + o . for Ω + o = 0.1 had been performed and therefore the distributions are rather coarse. Nonetheless, a few trends can be observed. For the static case, X CL moves downstream with increasing incidence as found experimentally [13] . For the lowest pitch rate, the center of lift is upstream of the static situation
as it would be expected from lag effects in the separation process. This is not the case at low angle of attack at the higher pitch rates for which X CL increases with Ω + o . This effect is due to the higher pressures on the wing lower surface induced by rotation. At higher angles of attack (α ≥ 25 o ), as the separated flow and its low pressure region have evolved further, the center of lift is found to be positioned consistently further upstream with increasing pitch rate in accordance with lag effects. An interesting feature for all pitching cases is the local dip in X CL 
D. Effect of Reynolds Number
The effect of Reynolds number on the flow structure and loading generated by the pitching wing The higher Reynolds number case exhibits earlier transition of the leading-edge vortex, finer scale features, as well as premature spiral breakdown of the tip vortex (inset of Fig. 18b ). In addition, lower pressures are also observed on the wing surface with increased Re c (e.g. Fig. 13g and 19g ). In order to contrast the fundamental differences between the dynamic stall process for a 2-D and a low-aspect-ratio wing, computations were also performed for an effectively infinite aspect ratio plate, emulated by means of spanwise periodic conditions on a prescribed spanwidth (s/c = 0.4).
The sectional geometry and computational grid were the same as in the previously described 3D A comparison of the lift and pitching moment coefficient histories for the 2D and finite-aspectratio plates is shown in Fig. 24 . The lift and pitching moment for the 2D wing display similar offsets as discussed previously for the finite plate due to the rotation-induced apparent camber effect [58, 59] . In addition, the 2D wing displays a distinct depression in the lift slope relative to its corresponding theoretical value of 2π (in radians), also plotted for comparison in Fig. 24a . This effect previously noted in 2D dynamic stall experiments and computations [58, 59] The previous comparison of the flow structure and aerodynamic loading for the finite-aspectratio and 2D plates clearly highlights the fundamental differences between 2D and 3D dynamic stall phenomena. The latter being characterized by the formation of an arch-type vortex and a strong swirl pattern over the wing which persists for longer times. In the 2D case, the spanwise-oriented leading-and trailing-edge vortices are shed much more readily inducing an earlier stall.
IV. CONCLUSIONS
This study addresses the flow structure and unsteady loading arising over a rectangular wing The flow field evolution is found to start with the formation of a spanwise-oriented leading-edge vortex which is initially pinned at the front edges of the plate. This vortex evolves at later times into the arch-type structure previously found for a heaving wing [26] . The arch vortex is here less compact and since the wing remains at high angle of attack, it has the time to establish a well-defined circulatory pattern over the wing surface. This swirling motion extends over most of the wing semi-span (on each side of the wing) and encompasses a region of low pressure. The arch vortex exhibits a long residence time over the wing and persists for several convective time scales after cessation of the pitch-up motion. Following its formation, the arch vortex is observed to propagate upstream towards the leading edge of the wing. This interesting upstream propagation against the prevailing flow is postulated to be the result of the self-induced velocity of the combined vortex/image system. In addition to the arch vortex, the flow is characterized by the emergence tip vortices at the wing tips. As the angle of attack increases, the tip vortices strengthen and eventually exhibit the onset of vortex breakdown in a manner similar to that found in the leading-edge vortex development over pitching delta wings [52, 53, 55] .
Despite quantitative differences, the aforementioned morphology of 3D dynamic stall is found to be universal over the range of pitch rates and Reynolds numbers investigated. Several trends are apparent with increasing Reynolds number or pitch rate. These include (i) a more compact arch vortex system, (ii) a stronger circulatory pattern and lower pressures above the wing surface, (iii) increased maximum lift, and (iv) delay of stall. Even for the lowest pitch rate considered, a significant increase in maximum lift is achieved relative to the static situation. Transitional effects are observed to emerge in all cases with the exception of the lowest Reynolds number (Re c = 10 3 ).
For Ω + o = 0.2, good agreement is found between the computed three-dimensional flow structure and the recent experimental measurements of Yilmaz and Rockwell [21] provided that the higherresolution computational results are filtered down to the coarser resolution used in the experimental reconstruction. The experiments and computations also exhibit broad similarities in terms of the final arch-vortex formation and induced swirling pattern.
The present pitching wing simulations in conjunction with previous heaving-wing computations [26] , as well as the available experimental observations [19, 21, 60 ] provide a consistent model of three-dimensional dynamic stall for a low-aspect-ratio wing. 
